Globular clusters are the oldest conglomerates of stars in our Galaxy and can be useful laboratories to test theories from stellar evolution to cosmology. In this paper, we present a new method to estimate the absolute age of a globular cluster from observations of its brown dwarfs. The transition region between the end of the main sequence and the brown dwarf regime is characterized by a dearth of objects as function of magnitude. The brightest of the cooling brown dwarfs is easily identified by an increase in density in the color magnitude diagram as you go fainter in magnitudes, and these brightest brown dwarfs get fainter with age. By identifying the brightest brown dwarfs, it is thus possible to determine the age of a globular cluster within a 1 Gyr precision with four-sigma confidence. This new method, which is independent of current methods of age estimation and which does not rely on the knowledge of the cluster's distance from Earth, will become feasible thanks to the high spatial resolution and incredible infrared sensitivity of the James Webb Space Telescope.
INTRODUCTION
Globular clusters are approximately spherical collections of stars, held together by their self-gravity, that orbit the center of their host galaxies and which can be found both in the halo of the galaxy and in the disk. Globular clusters are particularly interesting objects as their observation can provide useful information for both stellar astrophysics and cosmology. Stars in a globular cluster comprise an approximately uniform population in age, chemical composition and distance from Earth. For this reason, globular clusters are ideal laboratories for testing stellar evolution models. On the cosmological side, globular clusters are the oldest objects in the Milky Way Galaxy for which an age can be determined and thus, their absolute ages can provide a lower limit to the age of the Universe. Measuring the age of Galactic globular clusters is also a crucial step in understanding the formation and evolution of our Galaxy. Determining the relative age between metal-rich clusters, found mainly in the inner Galaxy, and metal-poor clusters, located in the halo, can tell us which were formed inside the Galaxy and which are more likely to have been formed in dwarf galaxies, later swallowed by the Milky Way, providing clues to the Galaxy's formation.
Several methods have been used to determine the age of E-mail: ilariacaiazzo@phas.ubc.ca globular clusters. The most straightforward way is to compare the observed properties of turn-off and giant-branch stars with stellar evolution models (De Angeli et al. 2005; Rosenberg et al. 1999; Dotter et al. 2011) . As stars evolve, their luminosity and surface temperature change, so that at each stage of their evolution, they occupy a specific position on the Hertzsprung-Russell (temperature-luminosity or HR) diagram. Stellar evolution models can predict a star's luminosity and effective temperature at each stage of its life, so that by comparing the observed properties of stars in a cluster with the model predictions, we can estimate the cluster's age. Current models are better constrained for main sequence stars, so that the time it takes for a star to consume all the hydrogen in its core is one of their most solid predictions. Stars that have reached this stage leave the main sequence and move in the HR diagram toward the redgiant branch, creating a well distinguishable feature called the turn-off. The turn-off method provides an estimate of the age of the cluster by comparing this feature and the observed properties of red giant branch stars with stellar-evolution model predictions. This method, however, is subject to some uncertainties. On one hand, stellar evolution models depend on a range of physical parameters, which are still affected by theoretical uncertainties. On the other hand, the observed properties of stars in globular clusters do not depend only on age, but also on the stars' metal abundance and on the distance of the cluster from Earth. It is difficult to decouple the different correlations. It is also worth mentioning that what we observe from Earth is not the stellar luminosity and temperature, but their magnitudes in different filters. In order to convert these observations into parameters that we can compare with our stellar evolution models, we have to employ stellar atmosphere models, which present theoretical uncertainties of their own. The turn-off method has been the most used in the literature to estimate the age of globular clusters. However, the need for other methods does not come only from its theoretical uncertainties, but also from the fact that its sensitivity to age is quite poor, especially for old clusters. In old globular clusters, the turn-off stars have low masses, less than a solar mass, and low mass stars do not change appreciably in luminosity and temperature as they age; it is thus hard to use the turn-off feature to make an age estimate with a precision better than a few Gyr. There are, however, other features in the HR diagram that are more sensitive to age and that can be compared to stellar evolution models to estimate the age of clusters. One feature that is sensitive to age, and which has already been employed to estimate the age of globular clusters (Hansen et al. 2013) , is the white dwarf cooling sequence. White dwarfs are the last stage in the evolution of stars less massive than approximately eight times the mass of the Sun. They have no nuclear burning in their core, so their structure is supported by electron degeneracy pressure. Because there is no energy production in their core and yet they emit energy into space as electromagnetic radiation (and neutrino radiation when they are very young), they cool down and get fainter with age. By comparing a cluster's observed population of white dwarfs with the one expected from cooling models, it is possible to get an estimate of the cluster's age: the luminosity function's peak gets fainter with age. However, uncertainties in the white-dwarf equation of state, composition and atmospheres can affect these results.
In this paper we present a new, independent way of determining the age of globular clusters from the observation of cooling brown dwarfs. Brown dwarfs (BDs) are interesting objects per se as they represent a bridge between stars and planets. However, their formation and evolution are poorly understood, mainly because it is hard to identify them due to their faintness. Although it is possible to observe young and bright brown dwarfs in the field (Two Micron All Sky Survey, Skrutskie et al. 2006; Gizis et al. 1999 , the Sloan Digital Sky Survey York et al. 2000; Hawley et al. 2002 , the United Kingdom Infrared Telescope Deep Sky Survey Warren et al. 2007; Lodieu et al. 2007; Burningham et al. 2010 , and the Wide-field Infrared Survey Explorer Wright et al. 2010; Kirkpatrick et al. 2011) , if the BDs are not in clusters, properties like distance and chemical composition, are difficult to determine. On the other hand, with observations of brown dwarfs in globular clusters we could determine these properties with greater confidence. In Galactic globular clusters brown dwarfs have been cooling since nearly the beginning of time, getting fainter and redder. At present, in most globular clusters, BDs are too faint to be observed. A recent attempt has been made to identify brown dwarfs in the globular cluster M4 (Hansen et al. 2013) . The James Webb Space Telescope (JWST), which will be launched in October 2018, will provide observations of globular clusters much deeper than currently active telescopes, thanks to its sensitivity, especially in the infrared bands, where the radiation from the ∼ 1, 000 K brown dwarfs peaks.
Brown dwarfs are sub-stellar objects that failed to ignite or sustain hydrogen burning. Using the Modules for Experiments in Stellar Astrophysics (MESA) stellar evolution code (Paxton et al. 2011) , we generated stellar evolution models, with a focus on the transition between low mass stars and BDs. From the models, we built isochrones, i.e. collections of stars with a range of masses that simulate a globular cluster at a certain age. The isochrones show that although there is a small difference in mass between low-mass stars and brown dwarfs, there is a large difference in luminosity; therefore, we expect few objects to lie in this large region of the HR diagram, and so the density of stars in the diagram drops significantly. In order to calculate how this feature would look in a color-magnitude diagram (CMD) observed with JWST, we employed the stellar atmospheres developed by Baraffe et al. (2015) and Allard et al. (2016) . The resulting CMDs in the JWST filters show that the fainter end of the main sequence is followed by a gap of an order of magnitude in luminosity and a large gap in color, in which the number of stars is much lower than on the main sequence. At the end of the gap, where we find the cooling BDs, the density of objects increases again, presenting an easily detectable benchmark. Since BDs are cooling, the position in magnitude of the brightest BDs gives a clear indication of the age of the cluster.
MIND THE GAP
In order to probe the evolution of brown dwarfs, we ran a suite of models (Paxton et al. 2011) for different initial masses and the metal content of the globular cluster 47 Tucanae. The specifications of our models are explained in Appendix A. From the models, we can see that in the early stages of their evolution, BDs evolve exactly like pre-main sequence stars, and this pre-main sequence phase, in which they contract and become fainter and bluer, can last for billions of years, depending on the mass of the object. Fig. 1 depicts the evolution in luminosity for stars in this transition region between low mass stars and BDs. The mass range is for illustration only, since, for these models, we used the tau 1 tables atmosphere boundary conditions, which are available for solar metallicity only (see Appendix A). For a lower metallicity cluster, like 47 Tucanae, the transition mass is closer to 0.08 M . This is due to the fact that a higher metallicity atmosphere is characterized by a higher opacity. Stars in this phase are fully convective, so a higher opacity in the atmosphere allows the star to retain more heat, favoring the ignition and the sustenance of nuclear burning in the core.
From the figure, we can see how the evolutionary path changes in the transition between low mass stars and brown dwarfs. Low mass stars get fainter with time in the pre-main sequence phase, where the bulk of their luminosity is provided by gravitational contraction and the temperature in their core is not high enough for nuclear burning to proceed at a high pace. For these low-mass stars, this phase lasts for up to 6 Gyr, depending on the star's mass, after which nuclear burning gets faster in the stars' core and becomes the main contribution to the production of energy, stabiliz- Figure 1. The evolution in luminosity vs age is plotted for 22 stars evenly spaced in mass between 0.0679 and 0.0763 M , from bottom to top. The evolution tracks come from our MESA models (see Appendix A). Notice the increase in the density of the tracks at the top and bottom relative to the central region and how the lower tracks grow ever fainter. The low density central region, which widens with age, corresponds to the gap between low mass main sequence stars and cooling brown dwarfs.
ing the stars against gravitational contraction. In the plot, this moment is characterized by an increase in luminosity and represents the beginning of the stars' main sequence. In brown dwarfs, on the other hand, temperatures in the core never get high enough to stabilize nuclear burning. Burning in their core decreases with time and they keep cooling at a steady rate. This difference in behavior creates a gap between the two types, in which a handful of intermediate masses keep cooling but at a slower rate, due to the presence of some hydrogen burning in their core. This behavior was earlier predicted in the brown dwarf evolution models by Burrows et al. (1989) .
Note that the density in luminosity doubles at the end of the gap, i.e. at the top of the brown dwarf cooling sequence, which in the plot corresponds to a mass of 0.070 M . For a cluster with a lower metal content such as 47 Tucanae, the top of the cooling sequence lies at a mass of 0.079 M . The size of the increase in density does not change with time, but the gap gets larger with age as the higher mass brown dwarfs cool, providing a clear indication of the age of the cluster. This is independent of the current methods of age estimation.
OBSERVING BROWN DWARFS WITH JWST
With Hubble Space Telescope's deep observations of 47 Tucanae, we are already able to probe the faint end of the main sequence and white dwarf cooling sequence. As an example, Fig. 2 shows a CMD obtained from Hubble's Advanced Camera for Surveys (ACS) for the 47 Tucanae field described by Kalirai et al. (2012) . The light blue points indicate stars that we know are moving across the sky like those in the cluster. 
F606W−F814W
Figure 2. CMD in Hubble's filters F814W and F606W for the ACS field described in (Kalirai et al. 2012) . F814W is centered around 800 nm and F606W is centered around 600 nm (both with FWHM of about 150 nm). Light blue dots: stars known to be part of the cluster from observed proper motion; black dots: other stars and galaxies; red line: 11 Gyr isochrone built from our models. The three green lines trace the 90%, 75% and 50% completeness rates (rates for detecting stars). We consider all stars regardless of their motion above the gold line to be main-sequence stars in the cluster. This introduces a few stars from the SMC into our sample. However, since we are interested in the low-mass end of the main sequence, this slight contamination is not important. The black points are galaxies and stars that are either in the Small Magellanic Cloud, which lies in the background, or whose motions are too ill-determined to confirm cluster membership. On top, in red, we plot an 11 Gyr isochrone from our models for a distance of 4.7 kpc (Woodley et al. 2012) . The transition region in this plot starts right where we have the faintest main sequence data points, around 27 magnitude in F814W. Brown dwarfs, however, are very red, very faint and beyond even the reach of these ultra-deep observations with Hubble. Deep observations that reach the bottom of the main sequence are available in Hubble's infrared bands (Correnti et al. 2016 ) but these measured suffer from crowding so it is difficult to determine definitively the number of stars as a function of mass from these infrared observations alone. With JWST's increased sensitivity and angular resolution it will be possible to observe the transition between low mass main sequence stars and brown dwarfs. In order to understand how this region will look in observations from JWST, we use the Phoenix atmospheres 1 calculated by Baraffe et al. (2015) and Allard et al. (2016) . Again, the explanation of our method can be found in Appendx B. Models for atmospheres that cover the range of effective temperatures needed for the brown dwarf sequence are available in solar metallicity only. For future studies, it will be important to generate models for other metallicities and apply these both to the calculation of the spectra and the outer stellar boundary condition (Baraffe et al. 2015) , to get a full understanding of how a different metallicity can change the picture.
In this study, we picked the 47 Tucanae ACS field described by Kalirai et al. (2012) (see Fig 2) as a suitable target for observing brown dwarfs. Because the field is 6.7 arcminutes from the center of the cluster, it is not yet relaxed. We calculate the relaxation time to be about twice the age of the Universe. Therefore, we do not expect that mass segregation has had time to expel low mass stars and substellar objects from the cluster. The observations of this field with Hubble's Advanced Camera for Surveys comprise over 150 ks of exposure in both F606W and F814W. This is one of the deepest observations of a globular cluster, and in fact, it probed almost to the very low mass end of the main sequence. Although we are going to look at brown dwarfs in the infrared bands with JWST, we opted for the visible observations of 47 Tucanae to perform our study. That is because Hubble's pixels are too big to achieve the needed sensitivity and resolution in the infrared to reliably count the faint stars at the lower end of the main sequence. This is exactly the problem that JWST will solve. The current absence of points below the end of the main sequence in Hubble's Wide Field Camera 3 infrared studies, such as Correnti et al. (2016) , will be populated by detective brown dwarfs with JWST.
In order to predict how observations of brown dwarfs with JWST will look like in this field, we simulated 50,000 stars from our models, with a mass function inferred from the same field. In Appendix B we explain the procedure and we show a CMD (Fig B2) for three different ages (9, 11 and 13 Gyr) in the JWST ultra wide filters F150W2 and F322W2. We have chosen these filters because they can be used for simultaneous observations and their large throughput is suitable for deep observations. As gap stars and brown dwarfs cool, they evolve along the sequence, so that the shape of the CMD does not change with age, contrary to what happens at the main-sequence turn-off (see also Baraffe et al. 1997) . The transition region between the end of the main sequence and the beginning of the brown-dwarf sequence is located at an absolute magnitude of F150W2 ∼ 11.5, where the density of stars becomes sparser. In these filters, it extends for almost three magnitudes in brightness and for more than one magnitude in color.
MEASURING THE AGE OF THE CLUSTER
In order to measure the age of the cluster, we focused on the brightest brown dwarfs, i.e. on the faint end of the transition region, shown in the zoomed CMD in Fig. 3 (upper 1 https://phoenix.ens-lyon.fr/Grids/BT-Settl/CIFIST2011_ 2015/ Figure 3 . Left: color-magnitude diagram for three different ages in the JWST ultra wide filters F150W2 and F322W2. F150W2 is centered around 1.7 µm (1.3 µm FWHM), and F322W2 is centered around 3.2 µm (2.6 µm FWHM). Blue: 11 Gyr; green: 12 Gyr; red: 13 Gyr. The 11-Gyr model was shifted 0.2 magnitudes to the left and the 13-model was shifted 0.2 magnitudes to the right so that the models could be distinguished. The black box highlights the region we focused on in the right panels. Upper right: zoom on the lower mass end of the transition zone. The density of objects doubles at the top of the brown dwarf cooling sequence: magnitude 14.3 at 11 Gyr, of 14.5 at 12 Gyr and of 14.7 at 13 Gyr. Lower right: cumulative distribution for the three ages. Notice that the 12 and the 13 Gyr curves (green and red respectively) have the same slope up to 14.5 magnitude, then the 12 Gyr slope has a kink and it continues with the same slope as the 11 Gyr one (blue). The kink corresponds to the brightest end of the brown dwarf cooling sequence. right panel). To account for observational errors, we added a magnitude-dependent Gaussian noise to our simulated magnitudes, which corresponds to a signal to noise of 100 at magnitude 14.2 in F150W2 and at magnitude 13.1 in F322W2. In the plot, we shifted the 11-Gyr and the 13-Gyr CMDs 0.2 magnitudes blueward and redward respectively, to compare the differences between the ages. In the box, we can see that the beginning of the brown dwarf cooling sequence gets fainter with age. The brightest brown dwarf (0.079 M ) has a magnitude of 14.3 at 11 Gyr, of 14.5 at 12 Gyr and of 14.7 at 13 Gyr. Objects at fainter magnitudes (lower mass BDs) are more dense in the CMD. Although it is subtle to see directly on the CMD in Fig. 3 , it is clearly apparent in the cumulative distribution shown in the same figure (lower  right panel) .
In the plot, the start of the brown-dwarf sequence is evident as a steepening of the cumulative distribution, which corresponds to a larger number of objects per unit magnitude. We can see that the behavior in the range between 14.3 and 14.5 magnitude in F150W2 is similar for a 12 Gyr and a 13 Gyr cluster, while the number of objects for a younger cluster is much higher since the brown dwarf sequence has not cooled past this range yet. The number of stars in this range is 62 for the 11 Gyr old cluster and 30 for both the 12 and the 13 Gyr respectively (there is some randomness associated with these numbers which comes from the Gaussian noise). In the next range, between 14.5 and 14.7, the 12 Gyr cumulative distribution steepens, because that is where the top of the BD cooling sequence is at 12 Gyr. In this range, the number of objects is similar for the 11 and the 12 Gyr old clusters, 62 and 61 respectively, while it is less for the 13 Gyr, with only 32 objects. If the range chosen corresponds to the top of the BD cooling sequence, the value of the number of stars per unit magnitude doubles, and the top of the sequence gets fainter at about 0.2 mag Gyr −1 in F150W2. This can provide a precise estimate of the age of the cluster. For example, imagine that we observed a 12 Gyr old cluster with JWST. If we counted 30 stars in the 14.3-14.5 magnitude range, the Poisson probability of the cluster being 11 Gyr or younger would be 5 × 10 −6 . If we then counted the stars in the 14.5-14.7 range and we find a value around 60, the probability of the cluster being 13 Gyr or older is around 6 × 10 −6 . This means that we can determine the age of a cluster within one Gyr with a confidence of four sigma.
In order to pick the right range in absolute magnitude, the distance to the cluster should, in principle, be known. However, there are some features in the CMD, due to the appearance of molecules in the stars' atmosphere, that do not depend on age. An example is the hook in which stars in the transition region get bluer at F150W2 ≈ 12.1 (Fig. 3) . The bright end of the transition region at F150W2 ≈ 11.5 and the downturn in the CMD at F150W2 ≈ 7 (Correnti et al. 2016 ) are also independent of age. If we can identify these features in the CMD, we can use them as a benchmark from which to measure the bright end of the brown dwarf sequence even if the distance to the cluster is unknown. Moreover, they can be useful to test the validity of the atmospheric and stellar models.
In our analysis we focused on 47 Tucanae, as it would be a perfect cluster to test the method. However, from the perspective of tracing the chemical evolution of our Galaxy, it would be interesting to observe and measure the age of other, more metal-poor clusters as well: ideally, some clusters with an intermediate metal content, like M5 and M13, and very metal poor clusters, like M30 and M92. In order to measure the age with the method presented in this work, the cluster in question has to be massive, with a long relaxation time and close enough that the brown dwarf sequence is not too faint.
CONCLUSIONS
A piece of information that is missing and that will affect our statistics is how the background will look in the brown dwarf region with JWST filters. The main unknown, which is also one of the science drivers of JWST, is what the first galaxies looked like and how common they were. Unless they are very compact, these galaxies can be distinguished from the brown dwarfs by their images. On the other hand, if they are compact and have similar colors and fluxes as the brown dwarfs, since what we want to observe is the number of brown dwarfs as a function of flux, we will have to estimate the density of galaxies in this region by observing a nearby blank field. In this way, we will be able to disentangle the two populations, but, in order to achieve the same statistics, we will have to observe a bigger field. Another possibility to obviate this problem is to observe the same field twice: in this way, it is possible to measure the proper motion of stars and then to identify the objects that belong to the cluster.
In any case, there are several reasons to believe that these very faint galaxies will not look like old brown dwarfs. The ACS field we focused on in this paper is contaminated by galaxies at a color of about 0.5 and 1.5 in F606W−F814W and at a magnitude of about 29 in F814W. The galaxies contained in the 2MASS Photometric Redshift catalog (2MPZ), described in Bilicki et al. (2014) , are much brighter (they are either closer or bigger), but their distribution peaks at about 1 as well in 2MPZ B−R and 0.5 in R−I (similar wavelengths to F606W and F814W). Their distribution in the 2MASS H filter (similar to JWST F150W2) and in the WISE W1 filter (similar to F322W2) peaks at about 0.7 in color and there are very few objects in the range where we expect to find brown dwarfs (between 1 and 1.8, see Fig. 3 ). This is reassuring as it suggests that galaxies will not contaminate our field in the color range that we are interested in. Furthermore, calculations performed by Zackrisson et al. (2011) for JWST filters seems to indicate that galaxies would approach the BDs color range only as they age for as much as a billion years, at which point they would be at a much fainter magnitude than brown dwarfs in Galactic clusters.
The method presented in this paper provides a new way to estimate the age of globular clusters. If employed simultaneously with other, independent, methods, like the main sequence turn-off fitting and white-dwarf cooling, it can put constraints on the age of the clusters and at the same time provide a test of our stellar models. In order for it to be the most effective though, we have to have a good handle on the stellar evolution and atmosphere models. Of particular importance is to develop a suite of realistic atmosphere models for different metallicities that extend to the range of effective temperature and surface gravity of brown dwarfs. The next step is then to employ these realistic values as boundary conditions for the stellar evolution models. If we have good control on all the pieces of the puzzle, we can simultaneously use all the different features in the CMD to test and improve our knowledge of stellar evolution and obtain an age and distance estimate to the cluster. Using these values from the stellar evolutionary models we interpolate through the atmosphere grid and calculate the absolute magnitude of the stars and brown dwarfs using the radius of the object also from the evolutionary model.
In order to simulate JWST observations of the 47 Tucanae ACS field described by Kalirai et al. (2012) , we derived its mass function by comparing our models' magnitudes in F814W with the magnitudes observed in the field. We assumed a distance of 4.7 kpc (Woodley et al. 2012) . The data we used is shown in Fig. 2 . The yellow solid line indicates the color-magnitude cut that we employ to get rid of the background galaxies, the white dwarfs and the stars in the Magellanic Cloud; the slope of the line is 2.5 and the x=0 value is 19.2. We assigned to each observed star in the field a mass corresponding to its magnitude in F814W, as inferred from the isochrone plotted in the same figure. While doing this, we restricted our analysis to the central part of the field. The approximately circular region has a radius of 1.6 arcminutes, and the exposure is uniformly deep. This is where we have a best estimate of the density of stars and their distribution in mass. In spite of the depth of the exposures, we can still fail to find the faint stars within the field. We estimate the rate of successfully finding stars, the completeness, with artificial star tests as outlined in Kalirai et al. (2012) , and we correct for the stars we miss (the completeness contours are shown in Fig. 2) . The mass distribution obtained is shown in Fig. B1 . We used this mass distribution to simulate a field of 50,000 stars. To find 50,000 stars in 47 Tuc at this projected radius requires a survey of about 39 arcminutes 2 or four NIRCAM fields.
The final result of these simulations is the distribution of objects in the JWST ultra wide filters F150W2 and F322W2 as depicted in Fig. B2 for three different ages (9, 11 and 13 Gyr). We have chosen these filters because they Figure B1 . Mass distribution obtained by comparing our isochrones with the ACS field described in (Kalirai et al. 2012 ) Figure B2 . Color magnitude diagram for three different ages in the JWST ultra wide filters F150W2 and F322W2.
can be used for simultaneous observations and their large throughput is suitable for deep observations.
